Fault-tolerance of five-phase induction machines with mixed stator winding layouts : torque ripple analysis by Muteba, M. & Nicolae, Dan-Valentin
Φ Abstract -      The mixed winding layouts proposed in this 
paper are obtained by combining double and triple layer 
(DTL) windings in stator slots. Previous work has touched 
upon on the ability of three-and five-phase induction machines 
(IMs) with mixed winding layouts to produce torque with less 
ripple contents. However, their advantage when operating 
under open-circuited faults is yet to be comprehensively 
reported. This paper presents the fault-tolerant ability of Five-
phase Induction Machines (FPIMs) with mixed winding 
layouts to produce torque with less ripple contents. The 
windings are designed as 2-pole and chorded with one slot, 
thereafter referred to as “DTL-14/15” and when chorded with 
two slots, thereafter referred to as “DTL-13/15. The magnetic 
conditions in the FPIMs are analyzed using Finite Element 
Method (FEM). The results evidenced that the FPIMs with the 
proposed DTL-14/15 and DTL-13/15 chorded coils reduced the 
torque ripple by a margin of about 60 % while operating with 
open-circuited faults respect to FPIMs with conventional 
double layer (DL) winding of the same coil span and operating 
under the same conditions. The results also prove that there is 
a great correlation between FEM (simulation) and 
experimental results.   
  
 Keywords— Induction machines, Fault-Tolerance, Five-
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           I.  INTRODUCTION 
 
HE search for more cost effective and fault tolerant 
layouts drives design of electrical machines up to its 
limits. Moreover, the requirements of many applications 
both in industry and in the field of renewable energy 
conversion are though that traditional layouts are abandoned 
in favour of new topologies or new light in shed over older 
one [2]. For three-phase induction motors to continue 
operating under loss of one phase, a divided dc bus and 
neutral connection are required [7]. In other words, a zero 
sequence component is necessary to provide an undisturbed 
rotating magneto-motive force (MMF) after a phase is lost.  
    Due to their additional degrees of freedom, multi-phase 
(more than three) motors are potentially more fault tolerant 
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than their three-phase counterparts [3], [4], [5]. The design 
aspects of the proposed mixed winding configurations have 
been reported in [1]. In this paper, a 2-kW, 4.5-A, 170-
V/phase, 50-Hz, 2-pole, 5-phase IM with 30 stator slots and 
33 rotor bars is used for simulation and experimental tests. 
Fig.1 (a) and Fig. 1 (b) depict the phase winding distribution 
in conventional DL-13/15 and mixed winding DTL-13/15 
layouts, respectively. 
 
 
                          (a)                                                      (b) 
 
Fig.1. Five-phase winding distribution  (a) Conventional DL-13/15, (b) 
Mixed Winding DTL-13/15 
 
Each slot in the mixed winding layout “DTL-13/15” shown 
in Fig.1 (b) has conductors belonging to two different 
phases and each phase has four full coils and four half coils, 
all distributed in twelve slots under two poles. The current in 
these phases are out of phase with each other by either 4π/5 
or 6π/5 electrical radian [1]. Elsewhere in the conventional 
DL-13/15 winding in Fig. 1 (a), each of ten slots have full 
coils belonging to the same phase and each of the other 
twenty slots accommodate coils that belong to two different 
phases. Therefore the net currents and leakage flux are less 
than for slots with current belonging to the same phase [1].             
Again in a mixed winding DTL-14/15, only one slot per 
pole and per phase has current belonging to the same phase 
and three slots have current of two different phases which 
are out of phase. The phase band in the mixed winding 
layouts consists of four slots not three like in the 
conventional double layer winding, thus the phase-belt 
spread is 4π/15 electrical radian in proposed mixed winding 
layouts and π/5 in the conventional double layer windings 
[1].   
 
II. FAULT-TOLERANCE OF FIVE-PHASE WINDINGS 
 
    In this section the fault-tolerant scheme of the five-phase 
windings is explained.  If one of the five phases is open 
circuited, the combination of phase current required to 
generate an undisturbed forward rotating MMF is no longer 
T 
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unique [8]. The most important consideration then is to 
establish an optimum set of currents which would produce 
the same value of MMF as under the healthy conditions.  
   Therefore, with proper current control, an undisturbed 
forward rotating MMF can be maintained, which can be 
used to control the electromagnetic torque [6]. The total 
stator MMF, F, of a five-phase machine can be formulated 
as in equation (1). 
EDCBA NIaNIaNIaaNINIF
432 ++++=
→
             (1) 
Where, oa 721∠= ,  N is the number of turns per phase, IA, 
IB, IC, ID and  IE   are  the r.m.s stator currents of phase A, B, 
C, D and E, respectively. Under normal condition the MMF 
is written as in equation (2). 
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Where, ϕωθ += t  and ϕ  is the phase shift. 
When phase “A” is open-circuited, the real and imaginary 
parts of equation (2) are as in equations (3) [16]. 
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To maintain the same value of F, the following should be 
fulfilled [16]; DCDB IIandII −=−=  
III. FIVE-PHASE IM PROTOTYPES 
 
A. Experimental Set up 
 
    A stator of a conventional three-phase squirrel cage 
induction machine was used to fit a two-pole five-phase 
distributed winding occupying 30 slots. The machines were 
fed from a five-phase synchronous generator. A  M420 
rotary type torque transducer with range from 0-50 Nm and 
100 resolutions per second was used to measure the speed 
and torque strain in the rotary shaft. The Heenan air-cooled 
Eddy current break type with a stationary field with no slip 
rings or rotating transformers was used to load the different 
prototype machines. 
 
B. FPIM Ratings, Dimensions and Parameters 
 
    To determine the magnetizing reactance “Xm” the 
machines were fed at rated frequency and rated voltage with 
Eddy current brake removed from the shaft. The machines 
rotate at speed closer to 3000 rpm which is the synchronous 
speed. The induced rotor current will be small as the speed 
of slip is very small. With approximate very small induced 
current, the stator current is very small. The rotor resistance 
“Rr”, the stator and rotor leakage reactances “Xs and Xr” are 
determined using the locked rotor test, while the stator 
resistance “Rs” is determined using the conventional dc test. 
Table I gives the parameters of different prototype 
machines, while the detailed ratings and dimensions are 
given in Table II. 
 
TABLE I 
PROTOTYPE MACHINE PARAMETERS 
 
 
TABLE II 
PROTOTYPE MACHINE RATINGS AND DIMENSIONS 
 
 
IV. FINITE ELEMENT METHOD 
    In this paper the finite element models are analyzed in 
nonlinear magneto-static problem based on the well-known 
Poisson’s equation for vector magnetic potential well 
discussed in [9], [10], [11].    
Electromagnetic torque has been computed from Maxwell’s 
stress tensor. This method requires only the local flux 
density distribution along a specific line or contour and then 
the torque can be calculated by means of equation (4) [12]. 
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   Where Bn and Bt, are the normal and tangential 
components of the magnetic flux density, d is the length of 
the path between two consecutive nodes, r is the radius of 
the circular path taken and l is the axial length of the 
magnetic sheet core. 
Based on the dimensions given in Table II, The Finite 
element models in Fig.2 and Fig.3 were built and simulated 
using the professional Quick Field software from Tera 
Analysis.  
    The flux density is assumed to lie in the plane of the 
model (x, y). The space current is described by the total 
number of ampere turns associated with the block density. 
Dirichlet boundary conditions with zero vector potential are 
set to the outer stator and inner rotor shaft of the machine 
models. By doing so, the solution is confined inside the 
machine frame  
[13]. A two dimensional Cartesian-coordinate area are 
modelled with “r” number of nodes of mesh. Fig. 2 and 
Fig.3 depict how the flux density is distributed when the 
machines operate under healthy or open-circuited faulty 
conditions.  
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                                                             (a)                                                                                        (b) 
 
                                                        (c)                                                                                         (d) 
Fig.2. Finite-Element model results of flux density distribution for the five-phase machine with conventional DL-13/15 winding layout. (a) Healthy case.  
(b) Loss of phase A. (c) Loss of two adjacent phases and (d) Loss of two non-adjacent phases. 
 
 
 
 
                                                                       (a)                                                                                        (b) 
 
                                                                     (c)                                                                                         (d) 
 Fig.3. Finite-Element model results of flux density distribution for the five-phase machine with proposed DTL-13/15 winding layouts. (a) Healthy case. 
 (b) Loss of phase A. (c) Loss of two adjacent phases and (d) Loss of two non-adjacent phases 
 
V. ANALYSIS OF RESULTS                                        
A. Results for measured steady-state shaft torque 
 
    In Five-Phase Induction Machines, the primary sequence, 
mainly produces 1st, 9th, 11th, 19th, 21st, 29th, 31st, etc., 
space harmonics, while the secondary sequence, mainly 
produces the 3rd, 7th, 13th, 17th, 23th, 27th, etc., space 
harmonics [1], [2], [14] . The first undesirable harmonics are 
the 9th and the 11th.  The 11th harmonics was reduced 
because the prototype machine has 33 rotor bars, which is a 
multiple of 11. The bars are skewed by one slot pitch to 
cancel the effect of the 13th harmonics. The 19th and 21st 
will have a negligible effects on the machine. The 29th and 
31st are slots harmonics and will contribute to high torque 
ripple.  
 
     
 
   Under full-load condition the five-phase IMs under 
analysis draw steady-state stator currents of 4.50 A. The 
torque is recorded in one second. The experimental torque 
profiles measured in time domain of FPIMs with 
conventional and proposed mixed winding layouts operating 
under healthy conditions are shown in Fig. 4 (a), (b), (c) and 
(d).   
   Under healthy operation the experimental torque profiles 
show constant oscillations of about fT = 25 Hz for all 
machines. With loss of phase “A” the FPIM operates as an 
unbalanced four-phase induction machine, where two 
adjacent phases are out of phase by 144o and the remaining 
phases are shifted from one another by 72o electrical. The 
experimental torque profiles under loss of phase “A” are 
shown in Fig. 5 (a), (b), (c) and (d).  
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                                             (a) 
 
                                             (b) 
 
                                                (c)
 
                                                 (d)     
Fig.4. Experimental torque profile under healthy conditions, (a) DL-14/15, 
(b) DTL-14/15, (c) DL-13/15, (d) DTL-13/15 
                                                       
    With loss of “A” the oscillations are 8.3 Hz and 10 Hz for 
the conventional DL-14/15, and elsewhere the oscillations 
are 7.1 Hz and 8.3 Hz for the conventional DL-13/15. The 
corresponding oscillations for the proposed DTL-14/15 and 
DTL-13/15 are 9.1 Hz and 10 Hz in both machines. 
    The experimental torque profiles measured in time 
domain of FPIMs with conventional and proposed mixed 
winding layouts operating with loss of two adjacent phases 
separated by 72o electrical are shown in Fig. 6 (a), (b), (c) 
and (d). Under this operation the FPIMs operate as 
unbalanced three-phase induction motors, where two 
adjacent phases are shifted by 216o electrical and the 
remaining other adjacent phases are shifted from one 
another by 72o electrical.   
. 
 
 
 
 
                                            (a) 
 
                                            (b) 
 
   (c) 
 
(d) 
Fig.5. Experimental torque profile with loss of phase “A”, (a) DL-14/15, 
(b) DTL-14/15, (c) DL-13/15, (d) DTL-13/15 
                                                       
    However, when a five-phase IM loses two non-adjacent 
phases separated by 144o electrical, the machine operates as 
an unbalanced three-phase IM with two adjacent phases out 
of phase by 72o electrical and other adjacent phases are out 
of phase by 144o Electrical. Fig. 7 (a), (b), (c) and (d) show 
the experimental torque profiles measured in time domain of 
FPIMs with conventional and proposed mixed winding 
layouts operating with loss of two non-adjacent phases 
separated by 144o electrical. With loss of two adjacent 
phases the experimental torque profiles show an oscillation 
10 Hz for the conventional DL-14/15, and elsewhere for the 
conventional DL-13/15 the oscillations of about 11.1 Hz and 
12.5 Hz were recorded.  
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                                                (a) 
 
                                                (b) 
 
   (c) 
 
  (d) 
Fig.6. Experimental torque profile at full-load with loss of two adjacent 
phases, (a) DL-14/15, (b) DTL-14/15, (c) DL-13/15, (d) DTL-13/15 
 
    
    Furthermore,   the experimental torque profiles measured 
in time domain of FPIMs with proposed mixed winding 
layouts operating with loss of two adjacent phases show 
oscillations are about 11.1 Hz and 9.1 Hz for DTL-14/15 
and about10 Hz and 14.3 Hz for DTL-13/15. At the other 
hand, with loss of two non-adjacent phases the experimental 
torque profiles show oscillations of about 20 Hz, 25 Hz and 
33 Hz  
 
 
 
                                                  (a) 
 
 (b) 
 
                                                (c) 
 
(d) 
Fig.7. Experimental torque profile at full-load with loss of two non-adjacent 
phases, (a) DL-14/15, (b) DTL-14/15, (c) DL-13/15, (d) DTL-13/15 
 
 
for the conventional DL-14/15, and only of about 25 Hz for 
the conventional DL-13/15. For the proposed FPIM with 
DTL-14/15 winding layout, the torque oscillations are about 
20 Hz and 25 Hz, and about 33 Hz and 50 Hz for the 
proposed FPIM with DTL-13/15 winding layout.  
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B. Torque Ripple Analysis 
 
    The torque ripples are mainly due to the induced rotor 
currents with non-fundamental frequencies that correspond 
to other sequences [14]. For a five-phase system, the number 
of available sequences is four and one zero sequence [14]. 
Both fundamental and third sequences are rotating in the 
forward direction. The fourth sequence is backward of the 
first sequence, while the second sequence is backward of the 
third sequence. The determination of induced frequencies in 
rotor currents is well detailed in [14], [15], [16]. The % 
experimental and simulation torque ripples for healthy and 
faulty operations which are given from Table III to Table VI 
were obtained at rated load. 
 
TABLE III 
 HEALTHY FPIMs  
 
 
TABLE IV 
 FAULTY FPIMs WITH LOSS OF PHASE “A”   
 
 
TABLE V 
 FAULTY   FPIMs WITH LOSS OF TWO ADJACENT PHASES  
 
 
TABLE VI 
 FAULTY FPIMs WITH LOSS OF TWO NON-ADJACENT PHASES  
 
 
 
    The results from the above tables show that the torque 
ripples increase in both conventional and proposed mixed 
winding layouts when FPIMs operate under open-circuited 
faults.  These increments in torque ripple are due to 
unbalanced MMF phase distribution as elaborated in 
previous paragraphs. From the same results, it is also 
observed that there is a reduction in torque ripple when 
employing the proposed mixed winding layouts. Under 
healthy operation the torque ripple reduction is about 29 % 
and 31 % for DTL- 
14/15 and DTL-13/15, respectively. When operating with 
loss of one phase the drop in torque ripple is about 44 % for 
both DTL-14/15 and DTL-13/15. With loss of two adjacent 
phases the torque reduction is evaluated at 57 % and 65 % 
for DTL-14/15 and DTL-13/15, respectively. When 
operating with loss of two non-adjacent phases the torque 
ripple reduction is about 60 % and 61 % for DTL-14/15 and 
DTL-13/15, respectively. The fault-tolerance that exhibits 
the FPIMs with proposed mixed winding layouts operating 
under open–circuited faults is due to a better stator MMF 
distribution obtained by widening the phase spread from π/5 
to 4π/15, and by also having conductors that belong to two 
different phases in each and every single slot. 
 
                               VI. CONCLUSION 
 
This paper addressed the fault-tolerant ability of five-phase 
induction machines with mixed winding layouts to produce 
torque with less ripple contents. The practical and 
simulation results of five-phase IMs operating with loss of 
one phase then two adjacent phases and two non-adjacent 
phases have been presented and analysed. It has been 
noticed that under open-circuited faults, the torque ripples 
increased in both conventional and proposed winding 
topologies. Though there is loss of one or two adjacent or 
two non-adjacent phases the proposed five-phase IMs with 
mixed winding layouts, still have the edge to produce a 
better torque average with lesser ripple contents compared 
to its counterpart conventional double layer winding. The 
proposed idea in this paper means that the designer needs to 
make provision for enough space in the slots to 
accommodate insulation and avoid creating big space 
between coil sides in a slot. By doing so, the introduction of 
additional air-gap harmonic conductance are avoided.  
Further work will report on the acceleration torque of the 
proposed mixed winding layouts when operating under 
open-circuited faults. 
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